Introduction

76
Over 50,000 loci in the human genome transcribe long non-coding RNA (lncRNA) (Hon et al. 77 2017; Iyer et al. 2015) , which are defined as transcripts at least 200 nt long with low or no protein-78 coding potential. While lncRNA genes outnumber protein-coding genes in mammalian genomes, 79 they are comparatively less conserved (Ulitsky 2016) , lowly expressed, and more cell-type-80 specific (Hon et al. 2017 ). However, the evolutionary conservation of lncRNA promoters (Carninci 81 Our recent FANTOM5 analysis showed that 19,175 (out of ~27,000) human lncRNA loci are 89 functionally implicated (Hon et al. 2017 ). However, genomic screens are necessary to 90 comprehensively characterize each lncRNA. One common approach of gene knockdown followed 91 by a cellular phenotype assay typically characterizes a small percentage of lncRNAs for a single 92 observable phenotype. For example, a recent large-scale screening using CRISPR interference 93 (CRISPRi) found that approximately 500 lncRNA loci (~3.7% of targeted lncRNA loci) are 94 essential for cell growth or viability in a cell-type specific manner (Liu et al. 2017 ). In addition, 95 CRISPR-Cas9 experiments targeting splice sites identified ~2.1% of lncRNAs that affect growth 96 Knockdown efficiencies had a median value of 34.6%, and for 27% of ASOs, the efficiencies were 144 higher than 50% ( Supplementary Table S2 ). Overall, ASOs targeting exons or introns were 145 equally effective, and knockdown efficiencies were independent of the genomic class, expression 146 level, and subcellular localization of the lncRNA ( Supplementary Fig. 1) . 147 To evaluate the effect of each lncRNA knockdown on cell growth and morphology, we imaged 155 ASO-transfected HDF in duplicates every 3 hours for a total of 48 hrs ( Supplementary Table S3 ) 156 and estimated their growth rate based on cell confluence measurements ( Fig. 2a,b ). 482 out of 157 2,021 (~23.8%) ASOs showed significant reduction and 20 (~1%) ASOs showed significant 158 increase in the growth rate ( Supplementary Table S3 ; Student's two-sided t-test FDR < 0.05) as 159 compared to non-targeting controls (Fig. 2c ). Different ASOs targeting the same lncRNA typically 160 had different effects on growth, possibly due to variable knockdown efficiencies, differences in 161 targeted lncRNA isoforms, as well as off-target effects. Requiring at least two independent ASOs 162 to consistently impact cell growth, we identified 10/285 (~3.6%) lncRNAs ( Supplementary Table  163 S3; Z-score < -1.645, FDR < 0.05) involved in maintaining cell growth in HDF. Among lncRNAs 164 with at least 25% reduced growth rate, we selected A1BG-AS1, which was previously implicated 165 in cell growth (Bai et al. 2018) , CATG00000089639, , and ZNF213-AS1 (Fig. 2d) , 166 and validated their growth inhibition by measuring the Ki-67 proliferation protein marker upon 167 knockdown with siRNAs and selected ASOs ( Fig. 2e) . 168
In addition to cell growth, we also explored changes in cell morphologies (Fig. 2f ). Using a 169 machine learning-assisted workflow (Methods; Fig. 2g ), each cell was segmented and its 170 morphological features representing various aspects of cell shapes and sizes were quantified 171 (Carpenter et al. 2006 ) ( Supplementary Table S3 ). As an example, knockdown of 12/285 lncRNAs 172 affected the spindle-like morphology of fibroblasts, as indicated by consistent changes in their 173 observed eccentricity (Z-score < -1.645, FDR < 0.05, at least two ASOs) without reducing the cell 174 number, suggesting possible cellular transformation towards epithelial-like states. Collectively, we 175 observed 44/285 lncRNAs (~15.5%) affecting cell growth and/or morphological parameters 176 ( Supplementary Table S3 ; Fig. 2h ). 177 To evaluate transcriptome response upon the knockdowns and its agreement with the observed 194 cellular phenotypes, we next selected 340 ASOs with high knockdown efficiency (mostly greater 195 than 50%; median 71.4%) and generated and deep-sequenced 970 CAGE libraries to analyze 196 154 lncRNAs ( Fig. 3a ; Supplementary Table S4 ). Differential gene expression analysis revealed 197 a median of 15 differentially regulated genes, where 61 (~18%) ASOs yielded zero and 108 198 (~32%) ASOs yielded 100 or more differentially regulated genes ( Supplementary Table S5 . Transcription factor motifs that promote cell growth (e.g. TFDP1, 233 E2F1,2,3, and EP300) were positively correlated with the measured cell growth rate while 234 transcription factor motifs known to inhibit growth or induce apoptosis (e.g. PPARG, SREBPF, 235 and STAT2,4,6) were negatively correlated ( Fig. 3d ; Supplementary Fig. 3a ; Supplementary  236   Table S6 ). Moreover, correlations between GSEA pathways ( Fig. 3f ; Supplementary Fig. 3b , 237 Supplementary Table S6 ) and FANTOM5 co-expression clusters (FANTOM Consortium and the 238 RIKEN PMI and CLST (DGT) et al. 2014); Supplementary Fig. 3c ) showed that cell growth and 239 replication related pathways were positively correlated with the measured growth rate, whereas 240 those related to immunity, cell stress and cell death were negatively correlated. Additionally, 241 morphological changes were reflected in the molecular phenotype assessed by CAGE 242 ( Supplementary Fig. 3d ). Cell radius and axis length were associated with GSEA categories 243 related to actin arrangement and cilia, while cell compactness was negatively correlated with 244 apoptosis. The extensive molecular phenotyping analysis also revealed pathways not explicitly 245 associated with cell growth and cell morphology, such as transcription, translation, metabolism, 246 development and signaling ( Fig. 3e ). Analyzing 119 lncRNAs targeted by at least two independent ASOs revealed that the 256 transcriptome response was more concordant for distinct ASOs targeting the same lncRNA than 257 for ASOs targeting different lncRNAs ( Supplementary Fig. 4a ). We found 20, 18, and 36 lncRNAs 258 significantly and consistently changed gene expression, motif activity and biological pathways, 259 respectively (Methods; Supplementary Table S5 ; Supplementary Fig. 4b ). In total, the molecular 260 phenotype was affected upon knockdown of 52/119 (43.7%) lncRNAs in human dermal fibroblasts 261 ( Supplementary Fig. 4c ). roles of lncRNAs based on the relative TSS activities in multi-promoter genes, we measured 280 knockdown-mediated promoter switching events, which occasionally lead to the change of the 281 dominant promoter ( Fig. 4a-c ). For 28 out of 119 lncRNAs, we found 2,699 consistent switching 282 events ( Supplementary Table S7 ) in 17.8% (1,276 out of 7,161) actively transcribed multiple-283 promoter genes (Fig. 4d ). The highest number of these events (n=1,159) was found for CTD-284 2587H24.5 (ENSG00000267577) reported to be a "transcribed enhancer" and a hub in the 285 chromatin interaction map in K562 cells (Thiel et al. 2018 ). Knockdown of five other lncRNAs: 286 AC013394.2, RP11-417E7.1, EMX2OS, ZNF213-AS1, RAB30-AS1 resulted in 100 or more 287 promoter switching events ( Fig. 4d ). 288 Promoter architecture is indicative of gene regulatory machineries with sharp transcription 302 initiation peaks associated with TATA-box promoters, while broad distributions of transcription 303 initiation are found in CpG island (CGI) regions. Also, TATA-boxes are often found in promoters 304 of tissue-specific genes and they are absent in most housekeeping genes (Sandelin et al. 2007) . 305
Thus, the enrichment of TATA-box promoter usage upon knockdown suggest that lncRNAs may 306 modulate regulatory machineries that govern cell-and pathway-specific promoters and elicit cell-307 specific function (Haberle et al. 2014) . To assess which lncRNAs influence function in a cell-308 specific manner, we quantified the changes in TATA-box and CGI architecture at differentially 309 regulated promoters and assessed significance for each ASO knockdown (Methods; 310 Supplementary Table S8 ). Differentially expressed promoters were more likely to have a TATA-311 box both in case of upregulation (two sample Student t-test p-value < 2.2 x 10 -16 ) and 312 downregulation (two sample Student t-test p-value = 1.3 x 10 -16 ; Fig. 4e ). For example, 20-35% 313 of promoters upregulated upon knockdown of LINC01615, RNASEH1-AS1, RP11-221N13.3 314 contained a TATA-box, compared to the 10% of unchanged promoters ( Supplementary Fig. 5a ,b), 315 and for RP11-221N13.3, additionally, 23-25% of the down-regulated promoters had a TATA-box 316 architecture ( Supplementary Fig. 5b ). In contrast, CGI architecture was significantly 317 underrepresented in upregulated promoters only (stratified sampling p value < 2.2 x 10 -16 ; Fig.  318 4e). Knockdown of FGD5-AS1, for example, showed ~60-70% depletion in two out of three ASOs 319 as compared to the ~80% of CGI in the background promoters ( Supplementary Fig. 5c ). 320 
ZNF213-AS1 is associated with cell growth and migration. 329
As an example of an lncRNA associated with cell growth and morphology ( Fig. 2h ) we further 330 analyzed ZNF213-AS1 (RP11-473M20.14). This lncRNA is highly conserved in placental 331 mammals, moderately expressed (~8 CAGE tags per million) in HDF and enriched in the 332 chromatin. Four distinct ASOs (ASO_01, ASO_02, ASO_05, and ASO_06) strongly suppressed 333 expression of ZNF213-AS1, while expression of the ZNF213 sense gene was not significantly 334 affected in any of the knockdowns. The four ASOs caused varying degrees of cell growth inhibition 335 ( Fig. 5a ). ASO_01 and ASO_06 showed a reduction in cell number, as well as an upregulation of 336 apoptosis, immune and defense pathways in GSEA suggesting cell death. While cell growth 337 inhibition observed for ASO_02 and ASO_05 was confirmed by Ki-67 marker staining ( Fig. 2e ), 338 the molecular phenotype revealed suppression of GSEA pathways related to cell growth, as well 339 as to cell proliferation, motility, and extracellular structure organization (Fig. 5b ), and consistent 340 in two ASOs downregulation of related motifs, for example, EGR1, EP300, SMAD1..7,9 (Phan et 341 al. 2004) ( Fig. 5c ). For data exploration, http://fantom.gsc.riken.jp/zenbu/reports/ 342
As cell motility pathways were affected by the knockdown, we tested whether ZNF213-AS1 could 343 influence cell migration. Using wound closure (scratch) assays with transient cell growth inhibition 344 (pre-incubation with mitomycin-C and serum starvation) on the transfected cells, we observed a 345 substantial reduction of wound closure rate (~40% over a 24-hour period) in the ZNF213-AS1 346 depleted HDFs (Fig. 5d ). The reduced wound healing rate should thus mainly reflect reduced cell 347 motility, further confirming affected motility pathways predicted by the molecular phenotype. 348 Supplementary Fig. 6a ). In LAML, the highest 364 expression levels were associated with mostly undifferentiated states, whereas in LGG, elevated 365 expression levels were found in oligodendrogliomas, astrocytomas, and in IDH1 mutated tumors, 366
suggesting that ZNF213-AS1 is involved in modulating differentiation and proliferation of tumors 367 ( Supplementary Fig. 6b-e ). Further, univariate Cox proportional hazard analysis as well as 368
Kaplan-Meier curves for LGG were significant and consistent with our findings (HR = 0.61, BH 369 FDR = 0.0079). The same survival analysis on LAML showed weak association with poor 370 prognostic outcome but the results were not significant ( Supplementary Fig. 6f 
RP11-398K22.12 (KHDC3L-2) regulates KCNQ5 in cis 386
Besides primarily observing in trans regulation in our knockdown data, several lncRNAs were 387 previously shown to also regulate the expression in cis (Joung et al. 2017 ). Herein, we 388 investigated in detail RP11-398K22.12 (ENSG00000229852) where the knockdowns by two 389 independent ASOs (ASO_03, ASO_05) successfully reduced the expression of the target lncRNA 390 (67-82% knockdown efficiency, respectively) and further downregulated its neighboring genes, 391 KCNQ5 and its divergent partner novel lncRNA CATG00000088862.1 (Fig. 6a ). While the two 392 genomic loci occupy chromosome 6 and are 650 kb away, Hi-C analysis showed that they are 393 located within the same topologically associated domain (TAD) and spatially co-localized ( Consortium 2015) showed highly specific expression in brain tissues, particularly in the 400 cerebellum and the cerebellar hemisphere ( Fig. 6d ). GTEx data also showed that expression of 401 RP11-398K22.12 with KCNQ5 and CATG00000088862.1 was highly correlated across neuronal 402 tissues ( Fig. 6e,f) , with the exception of cerebellum and cerebellar hemisphere, potentially due to 403 relatively lower levels of KCNQ5 and CATG00000088862.1 while levels of RP11-398K22.12 404 remained relatively higher. Additionally, we found an eQTL SNP (rs14526472) overlapping with 405 RP11-398K22.12 and regulating expression of KCNQ5 in brain caudate (p = 4.2 x 10 -6 ; normalized 406 effect size -0.58). All these findings indicate that RP11-398K22.12 is implicated in the nervous 407 system by maintaining the expression of KCNQ5 and CATG00000088862.1 in a cis-acting 408 manner. 409 that transcription of targeted lncRNA was maintained, despite suppression of mature or nascent 441 transcripts using ASOs. This further suggests that the functional responses described in this study 442 are due to interference of processed transcripts present either in the nucleus, the cytoplasm or 443 both. While it is arguable that ASOs may interfere with general transcription by targeting the 5'-444 end of nascent transcripts and thus releasing RNA polymerase II followed by exonuclease-445 mediated decay and transcription termination (aka "torpedo model"; (Proudfoot 2016)), most of 446 the ASOs were designed across the entire length of the transcript. Since we did not broadly 447 observe dysregulation in nearby genes, interference of transcription or splicing activity is less 448 likely to occur. 449
450
We observed a reduction in cell growth for ~3.6% of our target lncRNA genes, which is in-line 451
with previous experiments using CRISPRi-pooled screening, which reported 5.9% (in iPS cells) 452 of lncRNAs exhibiting a cell growth phenotype (Liu et al. 2017 ). While these rates are much lower The gene models used in this study were primarily based on the FANTOM CAGE-associated 495 transcriptome (CAT) at permissive level as defined previously (Hon et al. 2017) , with additional 496 de novo transcript models constructed from human dermal fibroblasts (HDFs) and induced 497 pluripotent stem cells (iPSCs) RNA sequencing data. In brief, CAGE sequencing was performed 498 on the total RNA, and RNA-Seq was performed on ribosomal-RNA depleted RNA, from HDFs 499 and iPSCs (as described elsewhere). CAGE and RNA-Seq reads were mapped onto hg19 using 500
Tophat2 with default parameters. RNA-Seq reads were de novo assembled for each cell line using 501
Cufflinks as described previously (Hon et al. 2017 ) and the transcript models with their 5'ends 502 supported by CAGE reads were retained. LncRNA genes were identified from these retained 503 transcript models as previously described (Hon et al. 2017) . The novel lncRNA genes (i.e. loci 504 non-overlapping with FANTOM CAT) were merged with the permissive FANTOM CAT, and the 505 merged assembly were lifted over (Hinrichs et al. 2006 ) from hg19 to hg38. 506
From this merged assembly, we selected lncRNA knockdown targets in an unbiased manner to 507 broadly cover various types of lncRNAs. Briefly, we first identified a list of the lncRNA genes 508 expressed in HDF, with RNA-Seq expression at least 0.5 fragments per kilobase per million and 509 CAGE expression at least 1 tag per millions. Then we manually inspected each lncRNA locus in 510 ZENBU genome browser for 1) its independence from neighboring genes on the same strand (if 511 any), 2) support from RNA-Seq (for exons and splicing junctions) and CAGE data (for TSS) of its 512 transcript models and 3) support from histone marks at TSS for transcription initiation (H3K27ac) 513 and along gene body for elongation (H3K36me3), from Roadmap Epigenomics Consortium 514 (Roadmap Epigenomics Consortium et al. 2015) . A representative transcript model, which best 515 represents the RNA-Seq signal, was manually chosen from each loci for design of antisense 516 oligonucleotides (ASOs). In total, 285 lncRNA loci were chosen for ASO suppression. Additional 517 controls (NEAT1, protein coding genes Supplementary Table S1) were designed for the study ( Supplementary Table S1 ). The gapmer ASOs were between 16 and 526 19 nucleotides in length (median of 17 nucleotides), had no predicted perfect match off-targets 527 and 0-1 one-mismatched off-targets, and were designed with a predicted melting temperature 528 Phase-contrast images of transfected cells were captured every 3 hrs for 2 days with 3 fields per 582 well by the IncuCyte® live-cell imaging system (Essen Bioscience). The confluence in each field 583 was analyzed by the IncuCyte® software. The mean confluence of each well was taken along the 584 timeline until the mean confluence of the NC_A control in the same plate reached 90%. The 585 growth rate in each well was calculated as the slope of a linear regression. A normalized growth 586 rate of each replicate was calculated as the growth rate divided by the mean growth rate of the 6 587 NC_A controls from the same plate. Student's t-test was performed between the growth rate of 588 the duplicated samples and the 6 NC_A controls, assuming equal variance. 589 590 Cell fractionation for RNA-sequencing 591 A previously described method (Conrad and Ørom 2017) was adopted for the isolation of 592 cytoplasmic, nucleoplasmic and chromatin-associated RNA. Approximately 10 million cells were 593 used per fractionation experiment. Briefly, trypsinized cells were washed and lysed using cold 594 lysis buffer containing 0.15% Igepal CA-630, 10 mM Tris pH 7.5, 150 mM NaCl. The lysate was 595 centrifuged in a sucrose cushion, after which the supernatant was taken as the cytoplasmic 596 fraction. The nuclear pellet was washed once in buffer containing 20mM HEPES pH 7.5, 50% 597 glycerol, 75 mM NaCl, 1 mM DTT, 0.5 mM EDTA and suspended again in the same buffer. An 598 equal volume of nuclear lysis buffer containing 20mM HEPES pH 7.5, 300mM NaCl, 1M Urea, 599 1% Igepal CA-630, 10mM MgCl2, 1mM DTT, 0.2mM EDTA was added and incubated on ice for 600 5 min. After centrifugation, the supernatant was considered as the nucleoplasmic fraction and the 601 pellet as the chromatin fraction. The chromatin pellet was washed once in buffer containing 10 602 mM HEPES pH 7.5, 10 mM KCl, 10% glycerol, 340 mM sucrose, 4 mM MgCl2, 1 mM DTT and 603 suspended in the same buffer. RNA from each fraction was isolated using Trizol LS (Invitrogen) 604 according to manufacturer's instructions. To ensure RNA purity, DNase I treatment followed by 605 phenol-chloroform extraction was conducted. RNA isolated from each fraction was subjected to 606 RNA-sequencing. 607 608 Ki-67 staining upon lncRNA knockdown 609
For the selected four lncRNA targets showing >25% growth inhibition, we used two siRNAs and 610
ASOs with independent sequences. The Silencer® Select siRNAs were obtained from Invitrogen 611 and ASOs were from geneDesign ( Supplementary Table S9 ). The HDF cells were transfected 612 with 20 nM siRNA or ASO in 12-well plates by lipofection. The cells were seeded 24 hours before 613 transfection at a density of 60,000 cells per well. At 48 hrs post-transfection, cells were washed 614 by PBS and harvested by trypsin-EDTA. Cells from the two wells with the same transfection were 615 collected into one tube. After PBS washing, the cells were fixed by adding pre-chilled 70% ethanol 616 and incubated in -20 °C for at least 2 hours. Ethanol was then removed by centrifugation and the 617 cells were washed by FACS buffer (2% FBS in PBS, 0.05% NaN3) twice. FITC-conjugated Ki-67 618 (20Raj1, eBioscience) was applied to cells at a ratio of 8 µl per 150,000 cells. Same concentration 619 of FITC-conjugated mouse IgG1 kappa antibody (eBioscience) was used as isotypic control. After 620 1 hr incubation at 4 °C, cells were washed by FACS buffer and subjected to flow cytometric 621 analysis. Knockdown efficiency by siRNA was determined by real-time quantitative RT-PCR using 622 the same 3 primer pairs as for ASO knockdown efficiency. 623 624 Wound closure assay 625
The HDF cells were transfected by 20nM ASO as described earlier in 12-well plates. The cells 626 were re-plated at 24 hrs post-transfection into a 96-well ImageLock plate (Essen BioScience) at 627 a density of 20,000 cells per well. At 24 hrs after seeding, cells form a spatially uniform monolayer 628 with 95-100% cell confluence. The cells were incubated with 5 µg/mL mitomycin-C for 2 hrs to 629 inhibit cell division. Then, medium was refreshed and a uniform scratch was created in each well 630 by the WoundMaker™(Essen BioScience). After changing the medium twice, the cells were 631 maintained in medium with 0.5% FBS. The condition of mitomycin C and serum concentrations 632 was tested with HDF and showed complete growth inhibition without severe morphological 633 change (unpublished data). The closure of the wound was monitored by IncuCyte® live-cell Four micrograms of purified RNA were used to generate libraries according to the nAnT-iCAGE 661 protocol (Murata et al. 2014 ). Briefly, random primer with anchor was used for cDNA synthesis, 662 followed by biotinylation and RNaseI digestion. After cap trapping of the 5′ end complete cDNA 663 and linker ligation, second-strand was synthesized for dsDNA.Libraries were combined in 8-plex 664 using different barcodes and were subjected to 50-base single-end sequencing using an Illumina 665 HiSeq 2500 instrument. Tag were de-multiplexed and mapped to human genome assembly hg38 666 using TopHat 2.0.12. The average mapping rate was 68.9% with around 10 million mapped 667 counts obtained on average across all samples. 668
669
The samples with mapped counts lower than 500,000 were excluded from further analysis. 670
Several samples were flagged samples as "questionable" if their mapped counts were less than 671 1,000,000 or their A260/A230 ratio were less than 1.0. Additionally, we manually flagged as 672 Growth and morphology values were correlated for each ASO against 1) each GSEA pathway 734 using enrichment score, 2) motif activity of each MARA motif (>=1TPM) and 3) each Fantom5 735 coexpression clusters using enrichment score. 736 737 Significant lncRNA targets 738
The background was estimated 1,000 times for each functional feature (DEG, MARA, GSEA) and 739 for each lncRNA separately by choosing n random ASOs from n distictint lncRNAs (where n is 740 the number of all ASOs targeting a given lncRNA of) and, similarly, requiring that at least two of 741 these ASOs show concordant significance. A target response was considered significant if the 742 number of DEG or MARA or GSEA was above that estimated from the matching random 743 background. So for example if a given lncRNA targeted by 3 ASOs has shown 100 DE genes in 744 any of the two ASOs then it would be significant if 3 randomly chosen ASOs (repeated 1000 times) 745 had median of less than 100 significant DE genes. 746 747 Promoter switching analysis 748
To identify promoter switching events we used normalized and batch-corrected promoter counts, 749 considering only genes reaching 4 cpm in at least two of CAGE libraries and promoters reaching 750 at least 2 cpm in any of CAGE libraries. From this pool, we only considered the ASOs and 751 promoters that were included into the promoter-level differential expression data. Promoter pairs 752 passing these expression thresholds corresponded to 7151 genes in total. To identify a CGI overlap and TATA-box presence at ~30 bp upstream of the TSS, CAGE data  763 were analyzed to identify the precise location of the most frequently used TSS. First, the mapped 764 reads were imported using CAGEr package (Haberle et al. 2015) , and CAGE supported TSSs 765 (CTSS) were clustered within 20 bp distance, with single CTSS only allowed when > 5 TPM. 766
These clusters were annotated using FANTOM CAT promoters (CAGE supported promoters). 767
These were cross referenced with the differential expression gene list per experiment. A negative 768 control per ASO experiment was chosen randomly to represent core promoter architecture and 769 each CAGE supported promoter was annotated for a CGI overlapping the promoter and the Hi-C libraries were prepared essentially as described previously (Fraser, Ferrai, et al. 2015; 779 Lieberman-Aiden et al. 2009) with minor changes to improve the DNA yield of Hi-C products 780 (Fraser, Williamson, et al. 2015) . The procedure followed is outlined as a flowchart in 781 Supplementary Fig. 7a , and each step of the protocol is briefly described below. 782 783 784 Three biological replicate samples of HDFs (~1 X 10 7 cells) grown as described above were fixed 792 at room temperature in media containing 1% formaldehyde (Sigma, catalog number: F8775) for 793 10 minutes with gentle rocking every 2 minutes. Cross-linking was stopped by quenching the 794 formaldehyde with glycine (Sigma, catalog number: G8898) at a final concentration of 125 mM 795 for 5 minutes at room temperature, followed by 15 minutes on ice. The cells were then scraped 796 off the plates and pelleted by gentle centrifugation at 400 g for 10 minutes. The quenched media 797 was removed, and the cell pellets were quick-frozen on dry ice before storage at -80°C. The DNA was purified by proteinase K digestion followed with phenol/chloroform extraction and 826 ethanol precipitation. Proteinase K (50 µl of 10 mg/mL) was added to each tube and incubated 827 overnight at 65°C. Proteinase K was added again on the next day (50 µl of 10 mg/mL) and 828 incubated for an additional 2 hours. The samples were transferred to 50 mL conical tubes and 829 extracted with 10 mL of phenol by vortexing 2 minutes and centrifugation at 2,465 g for 15 minutes 830 at room temperature. The samples were extracted again as above but with phenol/chloroform 831 before precipitating with ethanol. To this end, samples were transferred to 35 mL centrifuge 832 bottles, and their volumes adjusted to 10 mL with 1X TE before 1 mL of 3 M sodium acetate (pH 833 5.2) was mixed in and 25 mL of ice-cold ethanol was added. Each sample was gently mixed by 834 inversion and incubated 1 hour at -80°C. The DNA was pelleted by centrifugation at 23,281 g 835 (13,000 rpm if using SS34 rotor) for 25 minutes at 4°C, washed by resuspending in 10 mL of ice-836 cold 70% ethanol, and centrifuged again as above. Pellets were each dissolved into 450 µl of 1X 837 TE pH 8.0 and extracted twice with 500 µl of phenol-chloroform by vortexing 1 minute and 838 centrifuging at maximum speed for 5 minutes at room temperature in a microcentrifuge. The 839 samples were precipitated with 3 M sodium acetate pH 5.2 (40 µl) and absolute ethanol (1 mL), 840 incubated at -80°C overnight, and centrifuged at maximum speed for 25 minutes at 4°C. The DNA 841 was washed five times by resuspending in ice-cold 70% ethanol (1 mL), each time centrifuging at 842 maximum speed for 20 minutes at 4°C. The resulting pellets were each dissolved in 25 µl of 1X 843 TE pH 8.0 before the 4 samples from original cell pellets were pooled. 10 mg/mL RNAse A (1 µl; 844
Fermentas, catalog number: EN0531) was added and incubated for 30 minutes at 37°C. The Hi-845 C DNA was resolved on 0.8% agarose gel containing ethidium bromide (0.5 µg/mL) for qualitative 846 assessment of digestion, ligation, and yield based on calibrated molecular weight markers 847 ( Supplementary Fig. 7b ). CAGTCTTCTACCGCTCTTGTAATGGGGTT-3'). Half of each PCR reaction was resolved on 856 1.5% agarose gels containing ethidium bromide (0.5 µg/mL) to verify the presence of amplification 857 products. The remaining products of the first 5 PCR reactions from each titration were pooled, 858 and divided equally into 4 tubes to digest with either NcoI, NsiI, NcoI/NsiI, or buffer control as 859 described previously (Lieberman-Aiden et al. 2009). Digestion reactions were incubated 1 hour 860 at 37°C, and resolved on 2% agarose gels containing ethidium bromide (0.5 µg/mL) to verify 861 greater digestion efficiency with NsiI. In all 3 HDF biological replicates, over 75% of this PCR 862 product digested specifically with NsiI ( Supplementary Fig. 7c ), pointing to efficient Hi-C product 863 formation in the samples. 864 865
Removal of biotin from unligated ends and DNA shearing 866
Biotin at unligated restriction fragment ends was removed with T4 DNA polymerase as we 867 described previously (Fraser, Ferrai, et al. 2015) . Briefly, 10 samples each of 5 µg DNA from 868 individual HDF replicates were mixed with 10µl of 10X NEBuffer TM 2.1, 1 µl of 10 mM dCTP, and 869 5 Units of T4 DNA polymerase (NEB, catalog number: M0203L) in a final volume of 100 µl in 870
MAXYMum Recovery TM PCR tubes (200 µl; Axygen, part number: PCR-02-L-C). The reactions 871 were incubated in a thermocycler for 2 hours at 12°C, after which the enzyme was inactivated at 872 75°C for 20 minutes. The samples were transferred to 1.7 mL tubes (Corning™ Costar™ Low 873
Binding Plastic Microcentrifuge Tubes, part # C3207), and the DNA was precipitated by mixing 874 10 µl of 3 M sodium acetate (pH 5.2) in each sample, followed by 275 µl of ice-cold ethanol, and 875 incubating at -80°C overnight. The DNA was pelleted by centrifugation at 15,000 rpm in a 876 microcentrifuge at 4°C for 25 minutes, washed twice with 500 µl ice-cold 70% ethanol each time 877 centrifuging as above, and the resulting pellets were each dissolved in 130 µl of 10 mM Tris pH 878 8.5. The DNA was sheared to ~350 bp fragments by sonication with a 'Covaris M220 Focused-879 utrasonicator' using preset settings (DNA_0300_bp_130µl_Snap_Cap_Micro_TUBE). Samples 880 were individually transferred to 1.7 mL tubes and shearing to appropriate size range was verified 881 by resolving 400 ng of each sample onto 1.5% agarose gel containing ethidium bromide (0.5 882 µg/mL; Supplementary Fig. 7d ). 883
884
DNA size selection 885
The sheared DNA was size-selected using AMPure XP Beads (Agencourt XP) with ratios of 0.6X 886 and 0.85X according to the manufacturer's instructions (Beckman Coulter, catalog number: 887 A63880). Briefly, 78 µl of beads was added to each 130 µl sample and incubated with rotation for 888 30 minutes at room temperature. The samples were placed on a DynaMag TM Magnet (Thermo 889 Fisher Scientific) for 2 minutes, and the supernatant was re-extracted with 32.5 µl of beads as 890 above to capture the appropriate size fragments. The beads were washed twice with 500 µl of 891 ice-cold ethanol and air-dried 5 minutes. The DNA was eluted with 60 µl of 10 mM Tris pH 8.5 by 892 resuspending ten times with a pipette, and the 10 supernatants from each biological replicate 893 were pooled to a 1.7 mL tube after placing samples on the magnetic stand for 2 minutes. The 894 sample volumes were then reduced to 300 µl with a SpeedVac concentrator, and 5 µl of each 895 sample was used to measure DNA concentrations with the Quant-iT TM PicoGreen TM dsDNA Assay 896 Kit as per the manufacturer's instructions (Thermo Fisher Scientific, catalog number: P11496). 897
This measure will be used below to calculate the amount of sequencing adaptor required. DNA 898 recovery was verified by resolving 5 µl of each sample on a 1.5% agarose gel containing ethidium 899 bromide (0.5 µg/mL; Supplementary Fig. 7e ). Eight PCR cycles was used for large-scale amplification of the libraries for which one set 955 of 10 PCR reactions for each replicate were prepared as described above except that 1.5 µl of 956
Hi-C library was used in each reaction. The 10 PCRs from each replicate were pooled and their 957 combined volume was adjusted to 215 µl with water. The amplified DNA was then purified using 958
AMPure XP Beads with a ratio of 0.8X by adding 172 µl of washed beads to each pooled reaction 959 tube and incubating for 10 minutes at room temperature while mixing. The captured DNA was 960 pelleted on a magnetic stand 2 minutes and washed twice on the beads with 1 mL of ice-cold 961 70% ethanol. The beads were air-dried for no more than 5 minutes and the DNA was eluted from 962 the beads by adding 33 µl of 10 mM Tris pH 8.0, 0.1 mM EDTA and pipetting to resuspend the 963 beads. Sample concentrations were measured using 2 µl of the library and the Quant-iT TM 964
PicoGreen TM dsDNA Assay Kit as per the manufacturer's instructions (Thermo Fisher Scientific). 965 DNA recovery and quality was verified by resolving 5 µL of each sample on a 2.5% agarose gel 966 containing ethidium bromide (0.5 µg/mL; Supplementary Fig. 7g ). 967
968
Sequencing and processing 969
The libraries were sequenced on a HiSeq 2500 Illumina platform, and paired-end reads were 970 mapped to hg38 and processed using HiCUP pipeline ver. 0.5.10 (Wingett et al. 2015) . Ditags 971 were mapped against the human genome assembly hg38. Experimental artifacts such as 972 circularized, re-ligated, continuous and incorrect size fragments were filtered out. PCR duplicates 973 were removed from the aligned data. The sequencing and mapping metrics are in (Supplementary  974   Table S10 ). Processed mapped ditags from all the three replicates were merged using Samtools used in this study can be found in ( Supplementary Table S11 ). Two-step hybridization was 989 performed using a previously-described procedure (Kouno et al. 2019 ). Briefly, fibroblasts were 990 seeded onto coverslips overnight and fixed in 4% formaldehyde in PBS for 10 min at room 991 temperature. Following fixation, coverslips were treated twice with ice-cold 0.1% sodium 992 borohydride for 5 min at 4 °C. Coverslips were washed three times in PBS, followed by cell 993 permeabilization in 0.5% Triton X-100 in PBS for 10 min at room temperature. Coverslips were 994
